The applicability of a European numerical diatom index, the Specific Pollution sensitivity Index (SPI), was tested in a river system where the SPI scores were compared both to chemical water quality and to scores yielded using a macro-invertebrate index of riverine health namely the South African Scoring System (SASS 5). This investigation showed that the SPI reflects certain elements of water quality with a high degree of accuracy. Due to the broad species base of SPI, few problems were encountered when using this system in the Southern Hemisphere. The conclusion is that SPI or a similar diatom index will provide a valuable addition to the suite of biomonitoring tools currently in use in South Africa.
Introduction
We live on a subcontinent recognised for its unpredictable rainfall. South Africa is a semi-arid country, and the decline in the quality of available water is one of the major problems currently facing the country (Davies and Day, 1998) . There are several factors that contribute to the decline in water quality, the most important being industry, intensive and careless agricultural practices and the population explosion, which increases the demand for domestic water supply. The National Water Act 36 of 1998, repealed and replaced over 100 previous acts. The preliminary section of the Act, states, "…water is (to be) protected, conserved, managed and controlled in a sustainable and equitable manner for the benefit of all persons . . ."
Under Act 36 of 1998, activities that pollute or degrade water resources require a licence issued by the Department of Water Affairs and Forestry (DWAF). The Act stipulates that "…an applicant may be required to provide an assessment of the likely effect of the proposed activity on the resource quality…". Licences will not be issued for periods longer than 40 years. Provision is made for the periodic review of the licence at intervals that must not exceed 5 years. The important component of this periodic review is that quality monitoring forms an essential part of the conditions of many such water licences.
Biological monitoring techniques have been introduced as part of routine monitoring programmes due to certain shortcomings in standard physical and chemical methods. Because of the difficulty and cost of chemically analysing every potential pollutant in a sample of water, and of interpreting results in terms of impact severity, it makes sense to monitor aquatic biota. Results from biological monitoring are cost effective and the results can be obtained rapidly. The main advantage of a biological approach is that it examines organisms whose exposure to pollutants is continuous. Thus species present in riverine ecosystems reflect both the present and past history of the water quality in the river, allowing detection of disturbances that might otherwise be missed (Eekhout et al., 1996) .
Biological communities reflect the overall ecological integrity by integrating various stressors, thus providing a broad measure of their synergistic impacts. Aquatic communities, both plant and animal, integrate and reflect the effects of chemical and physical disturbances that occur over extended periods of time. These communities can provide a holistic and an integrated measure of the integrity or health of the river as a whole (Chutter, 1998) .
Numerous methods have been developed for the bioassessment of the integrity of aquatic systems. Some of these are based on one or other aspect of a single species, but most are based on the attributes of whole assemblages of organisms such as fish, algae or invertebrates. Although methods have been available for many years, biomonitoring has only as recently as 1996 become a routine tool in the management of South Africa's inland waters (Hohls, 1996) .
Benthic macro-invertebrates are recognised as valuable organisms for bioassessments, due largely to their visibility to the naked eye, ease of identification, rapid life cycle often based on seasons and their largely sedentary habits (Dickens and Graham, 2002) . Currently, the backbone of the National River Health Programme is SASS (South African Scoring System), a macro-invertebrate index developed by Chutter (1998). The SASS system has undergone several refinements to suit all conditions; the most recent of these modifications is SASS 5 (Dickens and Graham, 2002) . However, Round (1991) lists several reasons why animal components of an ecosystem may not provide a satisfactory index system:
• Animals have complex reproductive cycles which are often linked to the seasons, • Animals are largely motile and this may cause difficulty during sampling, • Animals may have many different life stages and may undergo metamorphosis, • Animals have specific habitats and niches; • They are actively grazed; and closely linked to flow conditions and thus will not usually be evenly distributed from headwaters to estuaries, and Available on website http://www.wrc.org.za
• Watercourses, which are too deep to wade across, may prove difficult if not impossible to evaluate using a macro-invertebrate index along the length of the stream.
Finally, the composition of the aquatic invertebrate community is always modified immediately downstream of dams and weirs. This is also often true downstream of bridges (Chutter, 1998) and therefore decreases the potential uses of SASS. No single group of organisms is always best suited for detecting the diversity of environmental perturbations associated with human activities. If the maintenance of ecosystem integrity is the aim of river management, there is a need to monitor the status of different taxonomic groups. Diatoms provide interpretable indications of specific changes in water quality , whereas invertebrate and fish assemblages may better reflect the impact of changes in the physical habitat in addition to certain chemical changes (McCormick and Cairns, 1994) .
The diatoms (Bacillariophyceae) comprise a ubiquitous, highly successful and distinctive group of unicellular algae, with the most obvious distinguishing characteristic the possession of siliceous cell walls (frustules). As autotrophs, diatoms contribute significantly to the productivity of such ecosystems, frequently forming the base of aquatic food chains (Cox, 1996) .
Diatoms are abundant, diverse and important components of algal assemblages in freshwater bodies. They comprise a large portion of total algal biomass over a broad spectrum of trophic states (Kreis et al., 1985) . Diatoms are used as biological indicators for a number of reasons:
• They occur in all types of aquatic ecosystems.
• They collectively show a broad range of tolerance along a gradient of aquatic productivity, individual species have specific water chemistry requirements (Werner, 1977; Round, 1991 ).
• They have one of the shortest generation times of all biological indicators . They reproduce and respond rapidly to environmental change and provide early warnings of both pollution increases and habitat restoration success. It takes two to three weeks before changes are reflected to a measurable extent in the assemblage composition (Round, 1991; Kelly et al., 1998 ).
• They are sensitive to change in nutrient concentrations, (Pan et al., 1996) . Each taxon has a specific optimum and tolerance for nutrients such as phosphate (Hall and Smol, 1992; Reavie et al., 1995; Fritz et al., 1993; Bennion, 1994 , Bennion et al., 1996 and nitrogen (Christie and Smol, 1993) , which can usually be quantified to a high degree of certainty.
• Assemblages are usually diverse and therefore contain considerable ecological information. For this reason, and because it is easy to obtain large numbers of individuals, robust statistical and multivariate procedures can be used to analyze assemblage data. (Dixit et al., 1992 ).
• They respond rapidly to eutrophication and recovery (e.g. Zeeb et al., 1994) . Because diatoms are primarily photoautotrophic organisms, they are directly affected by changes in nutrient and light availability (Tilman et al., 1982) . • Rapid immigration rates and the lack of physical dispersal barriers ensure there is little lag-time between perturbation and response (Vinebrooke, 1996) . • The taxonomy of diatoms is generally well-documented (Krammer and Lange-Bertalot, 1986-91) . Species identifications are largely based on frustule morphology. • Diatoms can be found on substrata in streambeds even when dry, so they can be sampled at most times of the year (Stevenson and Pan, 1999) . Round (1993) lists numerous reasons why diatoms are useful tools of biomonitoring, amongst which the following bear especial relevance to the South African situation; methods are cost-effective, data are comparable, techniques are rapid and accurate, and non-specialists with a biological background can do identifications and counts if they are provided with illustrated guides.
Concern has been expressed about the transfer and comparison of data between the Northern and Southern Hemisphere (Round, 1991) . It is well known that some species have the same morphology, but questions still remain concerning the range of ecological tolerances of these various species. This is a valid concern when distance, climatic condition, and other environmental pressures are taken into account. However, Kelly et al., (1998) discuss the concept, that diatoms are 'subcosmopolitan', i.e. they occur anywhere when certain environmental conditions are fulfilled. This concept suggests that geographical location is not the determining factor in the distribution of diatom species and the composition of communities, but it is rather the specific environmental variables at a specific site that determine this distribution.
Diatom indices may be able to provide answers to the problems involved in monitoring rivers for the inorganic nutrients that cause eutrophication, organic loading, ionic composition and dissolved oxygen .
The aim of the study was to ascertain whether the numerical diatom index developed in Europe has a potential use for indicating general water quality in the North West Province. Bate et al. (2002) , in a study on South African rivers, came to the conclusion that benthic diatoms could be a useful addition to the national biomonitoring programme as they give a time-integrated indication of specific water quality components. However, Bate et al. (2002) went on to state that the particular data set tested in their study that of Van Dam et al. (1994) , could not be transposed directly to South African conditions. For this reason the current study investigates the potential use of another autecological diatom index developed in Europe (France).
A further aim of the study was to establish whether diatom species are indeed sub-cosmopolitan as stated by Kelly et al., (1998) , by determining the number of species actually used in the calculation of the chosen index.
SASS 5 was chosen for comparison as it is widely used in biomonitoring river systems in South Africa and is currently considered as the industry standard for biomonitoring.
Materials and methods

Sampling sites
Twelve sampling sites in the Mooi River in the North West province of South Africa were chosen for this study. The study was conducted during May 2003. Study sites were chosen to represent a range of water quality and the impact of some of the tributaries entering the Mooi River. The study sites ( Fig. 1) 
SASS 5 and ASPT scores
Macro-invertebrates were collected as prescribed by the SASS 5 protocol and the SASS 5 and ASPT (average score per taxon, calculated as the total SASS score divided by the number of taxa contributing to the SASS score) indices calculated according to standard methods (Dickens and Graham (2002) ; Chutter (1998)).
Diatoms
Sample collection
Three to five different boulders at any particular site (Round, 1993) were sampled from different positions within a defined 10m reach, in a riffle if possible. As far as possible, boulders (>256 mm) free of filamentous algae and obvious siltation were selected. The diatoms were removed to provide a composite sample. The diatoms were sampled from the upper surface of the boulder with a stiff toothbrush and the epilithon collected in a 250 ml sample bottle, suspended in distilled water (Kelly et al., 1995) .
Preparation and identification
Samples were allowed to settle for 24 h and the supernatant decanted. Samples were first examined live to establish if a considerable number of dead cells were present. This was done, as only living cells will be able to provide a reflection of recent water quality. The samples were then oxidised in a saturated solution of potassium permanganate. Carbonates were removed using concentrated (32%) hydrochloric acid (Pienaar, 1988) . Samples were then rinsed with distilled water and collected by centrifugation, using five successive runs at 2 500 r·min -1
. Clean valves were then mounted in Pleurax (Hanna, 1949) .
Diatoms were identified under phase contrast using an oilimmersion lens at 1 000 x magnification. The nomenclature follows Krammer and Lange-Bertalot (1986-91) . At least 400 valves (400-500) were identified for each sample (Prygiel, 2002) .
Description of the SPI diatom index
The index used is based on the weighted average equation of Zelinka and Marvan (1961) 
Chemical analysis
Chemical analyses were performed according to Standard Methods (1995) by accredited laboratories namely Mogale City local municipality water laboratory and the Agricultural Research Council: Institute for Soil, Climate and Water, Pretoria.
The following water quality variables were analysed in the water quality laboratories: total nitrogen (total N), ammonium (NH 4 ), total phosphate (total P), chemical oxygen demand (COD), five day biological oxygen demand (BOD 5 ), sulphate (SO 4 ) and chloride (Cl), Several variables were determined in-stream with a calibrated temperature/pH/conductivity/oxygen meter (YSI 556 MPS Multimeter, USA) at the time of sampling. These included: temperature (temp.), pH, electrical conductivity (EC), dissolved oxygen (DO 2 ) and turbidity.
The variables were chosen to represent general water quality according to the monitoring requirements for domestic and industrial wastewater release (DWAF, 1999) . The BOD 5 was added to this suite to provide an indication of organic load according to the analysis list of Kwandrans et al. (1998) . 
Data analysis
Correlation and stepwise forward multiple regressions were carried out using STATISTICA version 6. Prior to statistical analysis, the distribution of the water quality data was analyzed for normality (STATISTICA Version 6). Where the data showed a skewed distribution the data were log 10 transformed. The SPI diatom index was calculated in the database OMNIDIA (Lecointe et al., 1993) .
Multiple regressions were performed on the data to establish if there were any physical or chemical variables that influenced the indices other than the ones that showed clear significant correlations in Table 4 . Forward stepwise regression was used for this purpose. This regression method takes the independent variable with the greatest contribution and adds it to the model first. Independent variables are then selected for inclusion based on their incremental contribution over the variable(s) already in the equation. Independent variables that are closely correlated in the correlation matrix may not all be included but rather other variables that also contribute to the variation in the index scores. For this reason this method can give important additional information about the factors that influence the various index scores over and above pure correlations. Adjusted R 2 values are used as indicators of the level of success with which the independent variables are able to explain the variation in the index values. This value was chosen as the Adjusted R 2 takes into account the sample size as well as the number of variables used (Hair et al., 1998) . Since 12 sites may be deemed a relatively small sample size the value will give more reliable confidence values than the R or R 2 values. In this study the ASPT value (7) for Site M2C was deemed to be an outlier due to its exaggerated residual value by comparison with the other sites. According to Hair et al. (1998) the definition of an outlier, in strict terms, is an observation that has a substantial difference between its actual and predicted values of the dependent variable (a large residual) or between its independent variable values and those of other observations. The objective of denoting outliers is to identify observations that are inappropriate representations of the population from which the sample is drawn, so that they may be discounted or even eliminated from the analysis as unrepresentative. For this reason M2C was not used in the calculation of the correlation matrix nor in the multiple regression for ASPT.
Results and discussion
The results of the water quality analysis are given in Table 1 . When assessing the water quality data qualitatively, according to the variables tested, it appears that the lowest water quality was observed in the Wasgoed Spruit. The stream contained elevated levels of chloride, sulphate, ammonia and other minerals and displayed the highest electrical conductivity in the system.
The highest levels of biological oxygen demand and sulphate, as well as elevated levels of chemical oxygen demand, chloride and total nitrogen were observed in the Wonderfontein Spruit. The influence of the Wonderfontein Spruit on the Mooi River can be seen when comparing the chemical data from sites M1 and M2. Sulphate levels increased considerably from M1 to M2 due to the confluence of the Mooi River with the Wonderfontein Spruit. Increases in chemical oxygen demand, chloride and total nitrogen were also observed in the Mooi River after the confluence of these two streams. Table 2 shows the values produced for the various indices for the different sites in the Mooi River catchment. For the interpretation of the various indices limit classes are given in Table 3 and 4. The lowest SASS 5 and ASPT scores were recorded in the Wonderfontein Spruit (WFS) that shows major deterioration in water quality, while the diatom index showed the water to be of moderate quality. The lowest SPI score was recorded in the Wasgoed Spruit (WS), which displays a value that can be interpreted as bad water quality, while SASS 5 and ASPT for the same site show values that indicate only some deterioration in water quality.
From Table 2 it would seem as though the diatom index (SPI) is more sensitive to the elevated physical and chemical parameters (that were measured for this study) in the Wasgoed Spruit than the two other indices tested. This would concur with Willemsen et al. (1990) , who in a study of the impact of stormwater in the Netherlands, concluded that diatoms were more sensitive to these discharges than were benthic invertebrates; they attribute this to the inability of diatoms to migrate away from unfavourable conditions and to recolonise when conditions have improved.
SASS 5 showed a very low index value for the Wonderfontein Spruit that can be explained by the influence of organic pollution. ) and turbidity (NTU).
According to Dallas and Day (1993) the enrichment of a water body with organic waste almost certainly results in a decrease in invertebrate species richness, diversity and an alteration in the composition of those communities. Chutter (1998) also observed that SASS scores were very low in organically polluted water. SPI scores did not accurately reflect the degree of organic loading in the Wonderfontein Spruit. This can also be seen in the correlation matrix (Table 5) , which shows that SPI has no significant correlation to biological oxygen demand. It is clear from these two sites (WFS and WS) that the various indices do not give the same indication of water quality. This might be due to a difference in response to environmental changes between the different groups of organisms used for calculation of SASS5 and SPI indices. This is a reason for the use of a suite of bioindicators to assess the status of an ecosystem properly. Table 5 shows the correlation matrix of the various indices together with physical and chemical parameters. A significant correlation (p<0.05) was observed between SASS 5 and ASPT scores. A similar correlation was not observed between the macro-invertebrate indices and the diatom index used. However, a decline in all the indices (Table 2) can be observed from M1 to M5 as would be expected from studying the water quality data (Table 1) .
SPI was significantly correlated (p<0.05) with several of the measured water quality variables (Table 5) ; these included negative correlations with electrical conductivity, chloride and ammonium. A positive correlation was observed between the pH and the SPI score. >100 >6 water quality natural; habitat diversity high <100 >6 water quality natural; habitat diversity reduced <100 <6 border line good/bad water quality. Interpretation based on extent that SASS <100, ASPT <6 50-100 <6 some deterioration in water quality <50 variable major deterioration in water quality ASPT scores correlated significantly with the biological oxygen demand of the water as well as sulphate levels. Biological oxygen demand indicates the degree of organic loading of a stream (Viessman and Hammer, 1998) . SASS 5 index scores did not show any significant correlation with any specific water quality variables. This lack of significant correlation was not unexpected as attempts, which have been made to find direct correlation between SASS4 results and water quality variables have, so far, been unsuccessful (Vos et al., 2002) . Table 6 shows the regression results of the multiple regression performed on the physical and chemical variables and the SASS 5 index scores. From the results it can seen that five of the independent variables were used to account for the variation in the SASS 5 index values. Sulphate, total phosphate and dissolved oxygen all contributed significantly to the variation in the data while COD and total nitrogen also contributed, but not significantly. From the adjusted R 2 (Table 6 ) it is clear that the proposed linear model can successfully account for approximately 74% of the variation in the index values. This would mean that about 26% of the variation in the data could not be accounted for by the proposed model and might be accounted for by factors such as habitat. Figure 2 shows the predicted vs. observed SASS 5 index values. The closer the observations are to the straight line the better the observations could be explained by the proposed multiple regression model. As can be seen from the graph the model was fairly successful in predicting the actual SASS 5 scores. Table 7 shows the multiple regression results for the ASPT scores and environmental variables. Four variables were taken into account by the multiple regression for the ASPT scores. Sulphate (p<0.05) and possibly total phosphate (p e•0.05) contributed to the variation in the ASPT scores while ammonia and turbidity also contributed, but not significantly. The model predicted approximately 68% of the variation in the ASPT scores (Adjusted R 2 of 0.678).
The graph of predicted vs. observed variables shows that the model was also fairly effective (when compared to the SASS 5 model) in predicting the actual index scores.
The Adjusted R 2 (Author to check throughout the doc. whether it should be Adjusted R 2 OR adjusted R 2 ) for the SPI multiple regression (Table 8) is very high with approximately 99% of the variation in the data explained by various water quality variables. The variables included in the regression model were chloride, pH, turbidity, chemical oxygen demand, sulphate and oxygen. All of the variables except oxygen contributed significantly (p<0.05) to the model.
The graph of predicted vs. observed SPI values (Fig. 4) shows that the model was highly effective in predicting the SPI index values.
A total of 112 diatom species, representing 18 genera, were found in the 12 samples. Of the 112 species encountered only 3 (Psamodictyon constricta (Gregory) DG Mann, Nitzschia flexoides Geitler and Nitzschia agnita Hustedt) were not relevant to the (Tables 1 & 8) should satisfy this concern. In addition, 97% of the diatom species encountered in this investigation were useful for SPI and hence cosmopolitan in nature.
Conclusions
According to our results, the diatom index is sensitive to changes in electrical conductivity, ammonia, chemical oxygen demand, chloride, sulphate and turbidity. From this we can conclude that SPI gives a good reflection of general water quality. It would seem as though SPI is able to give a more accurate reflection of the ionic composition of water than the macro-invertebrate index. This is indicated by the strong correlation between electrical conductivity and SPI. Chutter (1998) states that SASS is less sensitive to increases in total dissolved solids (total dissolved solids = electrical conductivity x 6.5 on average) than to other types of chemical change.
From the correlation matrix (Table 5 ) and the multiple regressions (Tables 6 to 8 ) it can be deduced that the diatom index is more closely influenced by water quality than the ASPT or the SASS 5 indices. It seems that the macro-invertebrate indices cannot be fully explained by the water quality variables used in this study and may also be affected by other factors such as habitat diversity or other water quality variables not included.
There is therefore, still a need for a biological indicator (such as the diatom index used in this study) that can be indicative of specific water quality variables.
The fact that the diatom sampling also has fewer restrictions in terms of habitat requirements than macro-invertebrates could facilitate its use in monitoring water quality in small tributaries, for instance mining and industrial effluent. This conclusion is strengthened by Round's (2001) statement that "…river diatoms can colonize massive rivers but also "rivers" millimetres deep and centimetres wide…"
From the results of this study it would seem fair to say that there is definite potential for the use of numerical diatom indices as indicators of general water quality and the usefulness of these indices should be verified by further studies that cover a broader geographical area and a broader range of variables. 
